Leaf movements in nyctinastic legumes were first shown to be endogenously rhythmic more than 250 years ago (3) and have been favored experimental systems for studies of circadian rhythmicity during subsequent years. Numerous other rhythms in addition to leaflet movement (11) have been documented in the legume Samanea saman. These include sensitivity of leaflet movement to light and temperature, distribution of K+ and C17 within the pulvinus, membrane potential of extensor and flexor motor cells, and rate of respiration of the pulvinus (reviewed in 13). In the present study, we investigate whether dark-promoted H+ fluxes through motor cell membranes are also rhythmic.
Leaf movements in nyctinastic legumes were first shown to be endogenously rhythmic more than 250 years ago (3) and have been favored experimental systems for studies of circadian rhythmicity during subsequent years. Numerous other rhythms in addition to leaflet movement (11) have been documented in the legume Samanea saman. These include sensitivity of leaflet movement to light and temperature, distribution of K+ and C17 within the pulvinus, membrane potential of extensor and flexor motor cells, and rate of respiration of the pulvinus (reviewed in 13). In the present study, we investigate whether dark-promoted H+ fluxes through motor cell membranes are also rhythmic.
Light-rhythmic interaction in controlling transmembrane H+ movements could be ofgreat importance in circadian timekeeping, since H+ has such diverse and important cellular functions. H+ secretion through the plasma membrane energizes the uptake of other ions into plant cells (reviewed in 16), while H+ gradients across mitochondrial (6) and chloroplast (5) membranes lead to ATP synthesis. Thus, rhythms in H+ uptake and release could be early steps in a chain of reactions linking the clock to numerous other cellular rhythms, and might also be part of the clock machinery. Rhythmic H+ fluxes in plants have not been described previously; however, pH of the body fluid in the sea pen (7) and of urine in humans (1) both oscillate with circadian periodicities.
In addition, pH changes may be involved in light-induced phase shifing in Neurospora (8, 9) . A theoretical model for the generation of self-sustained oscillations by a feedback mechanism based on proton gradients across cell membranes was postulated recently (2) .
In addition to executing slow circadian rhythmic movements under free-running conditions, Samanea pulvini close rapidly following transition from light to darkness (13, 14) . Previous experiments with other nyctinastic legumes (13) were the same as during the usual photoperiod. Experimental techniques are described in detail in the previous paper (4) and will be summarized only briefly here. Uniformly sized terminal secondary pulvini were selected from plants of uniform appearance. Selection of uniform plant material was extremely important, since a large number of replicate pulvini were required for a rhythmic experiment of 34 h duration. Pulvini were excised every 1 to 2 h and angles measured immediately. Strips of extensor and flexor tissue were rapidly cut from the pulvinus and washed in white light. The tissue was then transferred to a dark room where it was submerged in fresh weakly buffered solutions (extensor or flexor tissue from 12 pulvini/vial with 0.5 ml solution). The pH was recorded continuously for 30 min under dim green light at 30°C. H+ fluxes were calculated from data obtained from the pH recordings. Because the bathing solutions were buffered, H+ fluxes would be underestimated if calculated directly from the initial and final pH measurements. Therefore, we calculated H+ fluxes with aid of a titration curve that accounts for the buffering capacity of the bathing solution.
After each pH recording was completed, the tissue was dried at 80°C to constant weight. If the dry weight of a group of 12 extensor or flexor strips was significantly different, than 15 mg, data were discarded. Experiments were performed three times.
Data from these different experiments are not averaged, since plants of different age and appearance were used for the three repetitions, and the pattern, but not the absolute numbers, was similar in all experiments. Figure 1 by the tissue during 30 min darkness in Figure 2 . H+ fluxes in both extensor and flexor tissue were rhythmic; the rhythm in the flexor was circadian, while that in the extensor exhibited two peaks during a circadian cycle. This experiment was performed three times; timing of all peaks and troughs, including dual peaks each circadian cycle in the extensor, was similar in all three replicates.
RESULTS
Angle of the pulvinus prior to excision of motor tissue for flux measurements is also plotted in Figure 2 . Pulvinar angle varied with a circadian periodicity, confirming previous results (15).
Dark-promoted H efflux from flexor tissue was maximal when the tissue was excised from pulvini that had started to close rhythmically in the light, while dark-promoted H+ uptake by this tissue was maximal when the tissue was excised from pulvini that were fully closed or just starting to open. Dark-promoted H+ uptake by extensor tissue was maximal when the tissue was excised from partially or completely closed pulvini.
DISCUSSION
In a previous paper (4), we discussed several possible artifacts that might affect the relationship between pli changes in the medium and H+ fluxes that occur in vivo. Only injury and submersion of the tissue seemed likely to have a significant effect on the fluxes we monitored. However, we concluded that neither was a major contributor to the observed fluxes, under conditions of these earlier experiments. The possibility remains that artifactual effects might vary rhythmically. Nevertheless, the observed rhythm in H+ fluxes (Fig. 2) is too large to be purely artifactual. For example, dark-promoted H+ efflux from flexor tissue increased 7-fold from hours 2 to 6 of the light period; it seems unlikely that effects of injury, submersion, or other considerations discussed in the previous paper (4) 
